Neuropeptide Y (NPY), a sympathetic cotransmitter, acts via G protein-coupled receptors to stimulate constriction and vascular smooth muscle cell (VSMC) proliferation through interactions with its Y1 receptors. However, VSMC proliferation appears bimodal, with high-and low-affinity peaks differentially blocked by antagonists of both Y1 and Y5 receptors. Here, we sought to determine the signaling mechanisms of NPY-mediated bimodal mitogenesis. In rat aortic VSMCs, NPY's mitogenic effect at all concentrations was blocked by pertussis toxin and was associated with decreased forskolin-stimulated cAMP levels. NPY also increased intracellular calcium levels; in contrast to mitogenesis, this effect was dose dependent. The rise in intracellular Ca 2+ depended on extracellular Ca 2+ and was mediated via activation of Y1 receptors, but not Y5 receptors. Despite differences in calcium, the signaling pathways activated at low and high NPY concentrations were similar. The mitogenic effect of the peptide at all doses was completely blocked by inhibitors of calcium/calmodulin-dependent kinase II (CaMKII), protein kinase C (PKC), and mitogen-activated protein kinase kinase, MEK1/2. Thus, in VSMCs, NPY-mediated
Introduction
Neuropeptide Y (NPY) is a sympathetic neurotransmitter widely expressed throughout the central and peripheral nervous system, where it exerts pleiotropic actions mediated by multiple receptors (Y1-Y5, as well as Y6 in mice) (Balasubramaniam 2002) . The release of the peptide is increased during sympathetic nerve activation such as during a stress situation , when it is involved in the regulation of neurotransmitter release, cell growth, immune functions, and metabolism (Kitlinska et al. 2005; Kuo et al. 2007; Wheway et al. 2007; Zukowska-Grojec et al. 1998a , 1998b . These actions are both cell-and receptor-specific (Berglund et al. 2003) . For example, NPY-induced neuroinhibition is Y2 receptor dependent, whereas its neuroproliferative actions are mediated by Y1 receptors (Hansel et al. 2001; Wahlestedt et al. 1990 ).
Owing to the high expression of NPY receptors in endothelium and vascular smooth muscle cells (VSMCs), the peptide is also involved in the regulation of cardiovascular functions. Originally, it was characterized as a vasoconstrictor acting at nanomolar concentrations through Y1 receptors present on VSMCs (Malmstrom 2000; Wahlestedt et al. 1990 ), yet we and others have shown that NPY is also a potent growth factor for vascular cells. It stimulates endothelial cell proliferation and migration via its Y2 receptors and, consequently, is involved in angiogenesis in both physiological and pathological conditions (Ekstrand et al. 2003; Koulu et al. 2004; Lee et al. 2003; Movafagh et al. 2006 ).
In VSMCs, the mitogenic effect of NPY is mediated by Y1 receptors; however, our previous in vitro and in vivo studies suggest that this action is potentiated by Y5 receptors Pons et al. 2003; Zukowska-Grojec et al. 1998a) . Another unusual property of the NPY proliferative effect in VSMCs that we noted is that it begins at subpicomolar concentrations-significantly lower than the K d s of known NPY receptors (approximately 0.1-1 nmol·L −1 ) (Michel et al. 1998 )-and has a bimodal pattern Zukowska-Grojec et al. 1998b) . We observed similar bimodality in NPY's effects in endothelial cells and neuroblastomas (Kitlinska et al. 2005; Kitlinska et al. 2002; Movafagh et al. 2006) , which also express multiple NPY receptors, suggesting a more generalized phenomenon of interactions of multiple peptide receptors in the regulation of cell growth.
In support of this concept of multireceptor action, NPY's high-and low-affinity mitogenic responses are differentially blocked by NPY-receptor antagonists . The high-affinity peak is not affected by Y1-or Y5-receptor antagonists alone, but a combination of both completely blocks the proliferative response to low concentrations of NPY. The low-affinity peak is partially inhibited by the Y1-receptor antagonist alone; however, only a combination of Y1-and Y5-receptor antagonists blocks it completely. Therefore, the goal of the current study was to determine whether these interactions between Y1 and Y5 receptors result in differences in cell signaling between the high-and lowaffinity peaks. To date, many pathways of NPY-mediated signaling have been identified, but rarely have they been directly related to the peptide's cellular activities, and never have they been assessed at concentrations below its receptor K d s.
Materials and methods

Cell culture
Primary rat aortic VSMCs (Cambrex, Walkersville, Md.) at passages 4-8 were grown in a 5% CO 2 humidified incubator at 37 °C in smooth muscle basal medium (SmBM)-2 bullet kit (Cambrex) and subcultured at 90%-95% confluency, as indicated in Pons et al. (2003) .
Mitogenic assays
VSMCs (1.0 × 10 3 ) were plated onto 96-well plates, grown for 2 days, serum-starved for 24 h, and treated with NPY in the presence of [ 3 H]thymidine to measure DNA synthesis levels, as previously described ). VSMCs were incubated with 100 ng·mL −1 pertussis toxin (PTX) in serum-free SmBM for 6 h (concentration and time according to Pellieux et al. (2000) ) before treatment in 0.25% FBS SmBM with the following: PD98059 (2.5 × 10 −6 mol·L −1 , 30 min) (Tsuda et al. 2002) ; GF109203X or chelerythrine chloride (10 −7 mol·L −1 , 10 min); and KN-93 (0.5 × 10 −6 mol·L −1 , 60 min). Later, NPY (in 0.5% BSA) was added to 0.25% FBS SmBM for 24 h (5 wells per treatment group per experiment).
cAMP ELISA
VSMCs were plated, grown, and serum-starved as indicated previously. After incubation with 10 −4 mol·L −1 3-isobutyl-1-methylxanthine (IBMX) (according to Cabrele et al. (2000) ) for 5 min, treatment with NPY and 10 −6 mol·L −1 forskolin (concentration from Pons et al. (2003) ) in 0.25% FBS SmBM for 60 min at 37 °C (Cabrele et al. 2000) and cell lysis, intracellular cAMP levels were measured using the Biotrak enzyme immunoassay system (Amersham Biosciences, Piscataway, N.J.).
Fluorescent confocal microscopy
Cells were loaded with the Ca 2+ fluorescence dye Fluo-4/AM at a final concentration of 13 μmol·L −1 in Tyrode-BSA, as previously described (Bkaily et al. 1997 (Bkaily et al. , 1999 Claing et al. 2002) . In brief, VSMCs cultured on 25-millimetre coverslips were incubated with Fluo-4/ AM for 1 h at room temperature, washed, and then left for 15 min to ensure complete hydrolysis of the acetoxymethyl ester groups before starting the experiments. Cells were examined with a Multiprobe 2001 confocal argon laser scanning system (CLSM) (Molecular Dynamics, Sunnyvale, Calif.) equipped with a Nikon Diaphot epifluorescence inverted microscope and a 60× (1.4 NA) Nikon Plan Apochromat oil objective (Bkaily et al. 1997 (Bkaily et al. , 1999 . The argon laser line (488 nm, 9.0 mV) was directed toward the sample via a primary dichroic filter (510 nm) and attenuated with a 3% neutral-density filter to reduce photobleaching. Pinhole size was set at 100 μm. The image size was 512 pixels × 512 pixels with a pixel size of 0.34 μm. Laser line intensity, photometric gain, PMT settings, and filter attenuations were kept constant throughout the experimental procedures (Bkaily et al. 1997 (Bkaily et al. , 1999 . Measurements of sustained (steady-state) cytosolic and nuclear Ca 2+ fluorescence were performed from 3-dimensional (3D) reconstructions of the cells (including the nucleus) and expressed in fluorescence intensity relative to the volume (μm 3 ) of the cell, as described previously (Bkaily et al. 1999) . In all experiments, the cells were superfused with a balanced Tyrode salt solution containing 5 mmol·L −1 HEPES, 136 mmol·L −1 NaCl, 2.7 mmol·L −1 KCl, 1 mmol·L −1 MgCl 2 , 1.9 mmol·L −1 CaCl 2 , and 5.6 mmol·L −1 glucose, buffered to pH 7.4 with Tris base. The osmolarity of the buffer solution was adjusted with sucrose to 310 mosmol·L −1 using a Digimatic osmometer (Advanced Instruments Inc., Needham Heights, Mass.). For the dose-response curve of the effect of NPY on sustained cytosolic ([Ca] c ) and nucleoplasmic ([Ca] n ) Ca 2+ levels, the concentration of the peptide was increased by sequential addition of NPY until a steady-state effect for each concentration was reached. The sustained [Ca] c and [Ca] n levels were expressed as mean absolute Ca 2+ -Fluo-4 fluorescence intensity levels (scale from 0 to 255 AU (arbitrary units)) or as the percentage increase of sustained Ca 2+ -Fluo-4 fluorescence intensity from control levels (Bkaily et al. 2000) . At the end of each experiment, the nucleus was stained with Syto 11 (Bkaily et al. 1997 (Bkaily et al. , 1999 . The 3D images were presented as viewed from the top (horizontal) using Image Space software (Molecular Dynamics). The top view 3D image permits a look through the whole cell.
Fluorescent Fura-2 microfluorometric measurements
The loading procedure with Fura-2 has been described elsewhere (Bkaily et al. 1998) . In brief, for calcium measurements using a two-dimensional (2D) imaging system, cultured cells were washed with 2 mL of Tyrode-equilibrated solution (osmolarity adjusted to 310 mosmol·L −1 ) containing 1.8 mmol·L −1 CaCl 2 and supplemented with 0.1% BSA. The cells were loaded with 1 μmol·L −1 of the calcium probe Fura-2/AM for 60 min in the dark at room temperature and then washed twice with Tyrode-BSA solution followed by 2 washes with normal Tyrode solution. A hydrolysis period of 20 min was necessary to ensure the complete hydrolysis of the acetoxymethyl ester groups. Finally, the cells were washed again in Tyrode solution, placed in a chamber, and visualized by a fluorescent microscope (Photon Technology International Inc. (PTI), Princeton, N.J.).
To monitor intracellular calcium changes in rat vascular smooth muscle cells, fluorescent measurements were made by using the double excitatory wavelength method (340/380 ratio) using a Deltascan and Imagescan microfluorometer (PTI) equipped with an NEC Power Mate 386/20 and accompanying PTI software-enabling instrument control, data acquisition, and analysis (Bkaily et al. 1998 ). Calculation of intracellular calcium was performed using the standard Grynkiewicz equation (Grynkiewicz et al. 1985; Poenie and Tsien 1986) included in the software, in which [Ca] 
, where the K d for Fura-2 is 224 nmol·L -1 , F is the experimental fluorescence value, R max is the maximal fluorescence of Fura-2 in the presence of saturating calcium, and R min is the minimal fluorescence in the presence of minimal calcium. R max and R min were determined at the end of each experiment using the divalent cation ionophore ionomycin (2 × 10 −5 mol·L −1 ) to permeabilize the cell (R max ) and 30 mmol·L −1 of the calcium chelator EGTA (R min ).
Western blot analysis
VSMCs were plated (2.5 × 10 5 cells, 100 mm dishes), grown until 60%-70% confluent, and serum-starved for 24 h. The cells were primed with PTX, as above, and treated with NPY. VSMCs were washed and harvested with the following lysis buffers: 50 mmol·L −1 Tris-HCl (pH 8.0), 150 mmol·L −1 NaCl, 100 μg·mL −1 phenylmethylsulfonyl fluoride (PMSF), 1 μg·mL −1 aprotinin, and 1% NP-40. The samples were resolved on 4%-20% Tris-glycine SDS-PAGE gels, transferred to Protran nitrocellulose membranes (Schleicher & Schuell, Germany), and immunoblotted with anti-phospho-p44/42-MAPK (Thr202/Tyr204) or antip44/42-MAPK antibodies (Cell Signaling Technology, Danvers, Mass.), according to the manufacturer's recommendations.
Statistical analysis of data
Data are presented as means ± SE, percentage of control. Analysis of data was by two-way ANOVA followed by Tukey's test using SAS (SAS Institute Inc. Cary, N.C.); one-way repeated-measures (RM) ANOVA followed by either Dunnett's t test or Student-NewmanKeuls method using SigmaStat 3.5 (SPSS Science, Chicago, Ill.); or Student's t test using Prism 3.02 (GraphPad Software, San Diego, Calif.), as noted. A p level < 0.05 was considered statistically significant for the indicated n per group. Non-significant results are indicated as p = NS.
Materials
Porcine NPY 1-36 was from Peninsula Laboratories (San Carlos, Calif.). GF109203X and chelerythrine chloride were from Calbiochem (San Diego, Calif.). KN-93 was from Seikagaku America (East Falmouth, Mass.). PTX, forskolin, IBMX, and all other chemicals were from Sigma-Aldrich (St. Louis, Mo.).
Results
NPY-mediated bimodal proliferation of primary rat aortic VSMCs
To determine the pattern of the mitogenic response to NPY, primary rat aortic VSMCs were growth-arrested for 24 h and then stimulated with NPY at concentrations ranging from 10 −14 -10 −7 mol·L −1 in the presence of [ 3 H]thymidine. The peptide stimulated proliferation of VSMCs at all tested concentrations, with 2 distinct peaks of activity-a high-affinity growth peak at NPY 10 −12 mol·L −1 (137 ± 7%, p < 0.05) and a second, low-affinity peak at NPY 10 −8 mol·L −1 (162% ± 12%, p < 0.05), as measured by increases in [ 3 H]thymidine uptake over control (media containing 0.25% FBS). After the high-affinity peak of mitogenic activity, there was a corresponding decrease in DNA synthesis levels at NPY 10 −11 -10 −10 mol·L −1 (114% ± 6% and 123% ± 7%, respectively), forming a "valley" between the 2 growth peaks, and at NPY 10 −7 mol·L −1 (132% ± 4%), forming a decline after the second growth peak (Fig. 1) . On the basis of these results, the 3 representative doses of NPY corresponding to the high-affinity peak (10 −12 mol·L −1 ), the "valley" (10 −10 mol·L −1 ), and the low-affinity peak (10 −8 mol·L −1 ) were selected for further studies designed to compare cell-signaling pathways at different NPY concentrations.
NPY's mitogenic effect in VSMCs is mediated by G i/o proteins
Since NPY is known to act via G i/o proteins in other cells, we sought to determine if its proliferative effects in VSMCs are also mediated by this G protein at all concentrations of the peptide. To this end, rat aortic VSMCs were pretreated for 6 h with 100 ng·mL −1 PTX, a selective G i/o protein inhibitor, before NPY stimulation. PTX pretreatment blocked NPYinduced [ 3 H]thymidine uptake at all 3 concentrations investigated-from 127% ± 3% (p < 0.05) to 82% ± 7% at NPY 10 −12 mol·L −1 , from 113% ± 3% (p < 0.05) to 100% ± 5% at 10 −10 mol·L −1 , and from 125% ± 3% (p < 0.05) to 85% ± 7% at NPY 10 −8 mol·L −1 (Fig.  2A) .
NPY inhibits forskolin-stimulated intracellular cAMP production in VSMCs
Since our results indicated that NPY's mitogenic response in VSMCs involves G i/o protein activation and cAMP is one of the signaling molecules connecting G proteins to downstream signaling pathways, we next examined whether the growth peaks are linked to the inhibition of adenylyl cyclase and a decrease in intracellular cAMP levels. Thus, VSMCs were treated with NPY in the presence of 10 −6 mol·L −1 forskolin, an adenylyl cyclase activator, and 10 −4 mol·L −1 IBMX, a phosphodiesterase inhibitor. Cellular cAMP levels were measured 1 h after NPY stimulation. NPY inhibited forskolin-induced intracellular cAMP accumulation at all 3 concentrations-by 44% ± 7% at NPY 10 −12 mol·L −1 , 38% ± 7% at NPY 10 −10 mol·L −1 , and 58% ± 6% at NPY 10 −8 mol·L −1 . There was no statistically significant difference between the percentages of inhibition at the 3 NPY doses (Fig. 2B) .
NPY increases intracellular calcium concentration in VSMCs via activation of Y1 receptors
An increase in intracellular calcium is another signaling mechanism associated with the activation of G i/o proteins, independent of cAMP. We again stimulated VSMCs with NPY (10 −16 -10 −6 mol·L −1 ) and followed intracellular calcium levels in the cytoplasm ([Ca] c ) and nucleus ([Ca] n ) using 3D Fluo-4 confocal fluorescent microscopy. The representative 3D reconstruction showed that NPY caused a sustained increase in calcium fluorescence intensity in the cytoplasm and nucleus in a single VSMC (Fig. 3A) . NPY dose-dependently increased the steady state basal free-calcium levels in both the cytoplasm and nucleus with EC50 values of 9.3 × 10 −12 and 3.2 × 10 −12 mol·L −1 , respectively (Fig. 3B) .
In another series of experiments, we verified whether the effect of NPY on intracellular calcium is mediated via an increase of calcium entry. Our results obtained from confocal microscopy and microfluorometry showed that in the absence of extracellular calcium, NPY failed to induce an effect on the calcium level at all concentrations tested (control = 9.9 ± 0.6 nmol·L −1 ; NPY (at 10 −12 mol·L −1 ) = 10.2 ± 0.8 nmol·L −1 (microfluorometry measurement); control = 63.3 ± 5.2 nmol·L −1 ; NPY (at 10 −10 mol·L −1 ) = 66.3 ± 5.9 nmol·L −1 (microfluorometry measurement); control = 9.5 ± 0.9 AU; NPY (at 10 −8 mol·L −1 ) = 9.1 ± 0.8 AU) (confocal measurement). Results not shown.
To determine which receptors mediate NPY's effect on cellular Ca 2+ levels, we measured NPY-induced increases in [Ca] i in the presence of Y1-(BIBP3226, 10 −6 mol·L −1 ) or Y5-(CGP71683, 10 −6 mol·L −1 ) receptor antagonists. In these series of experiments, using confocal microscopy and microfluorometry techniques, we first induced increases of [Ca] i by using 10 −12 , 10 −10 , or 10 −8 mol·L −1 NPY (Fig. 4) . Then, NPY was washed-out from the medium, and in some cells, the peptide was re-applied at all concentrations to test whether the second application induced changes in [Ca] i , similar to the first, which it did (not shown). In other cells, which only received the first NPY application, the Y1-or Y5-receptor antagonists (10 −6 mol·L −1 ) were added for 15 min. In the presence of the antagonist, NPY was then added at 10 −12 , 10 −10 , or 10 −8 mol·L −1 . At all concentrations, the NPY-induced increase in [Ca] i was completely prevented by the Y1-receptor antagonist, BIBP3226 at a concentration of 10 −6 mol·L −1 (Fig. 4A) . However, blockade of the Y5 receptor (CGP71683, 10 −6 mol·L −1 ) did not prevent NPY from inducing an increase of [Ca] i at any of the concentrations of NPY used (Fig. 4B ).
NPY's mitogenic effect in VSMCs is PKC and CaMKII dependent
Since NPY stimulated an increase in intracellular calcium in VSMCs, we next examined the role of downstream targets of calcium-stimulated signaling, protein kinase C (PKC) and calcium/calmodulin-dependent kinase II (CaMKII). The cells were pretreated with 2 different PKC inhibitors -an inhibitor of PKC's ATP-binding site, GF109203X (10 −7 mol·L −1 ), or an inhibitor of its catalytic domain, chelerythrine chloride (10 −7 mol·L −1 )-as well as with the selective CaMKII inhibitor KN-93 (5 × 10 −5 mol·L −1 ), then stimulated with the selected doses of NPY. Both PKC and CaMKII inhibitors completely blocked NPY's mitogenic effect at both growth peaks (10 −12 and 10 −8 mol·L −1 ), as well as at 10 −10 mol·L −1 , corresponding to the "valley" (Fig. 5) .
NPY-induced VSMC proliferation is associated with ERK1/2 activation
Although G protein-coupled receptor (GPCR)-mediated proliferation in VSMCs can be stimulated by various signaling molecules, most of them seem to converge to a common downstream pathway, namely Ras-Raf-MEK-ERK. Therefore, we sought to determine the role of this pathway in NPY-mediated VSMC growth. As shown in Fig. 6A , treatment of the cells with PD98059, a MAPK kinase (MEK1/2) inhibitor, completely blocked NPYmediated increases in [ 3 H]thymidine uptake levels at both 10 −12 and 10 −8 mol·L −1 growth peaks from 134% ± 3% (p < 0.05) to 104% ± 4% (NPY 10 −12 mol·L −1 ) and from 145% ± 3% (p < 0.05) to 102% ± 3% (NPY 10 −8 mol·L −1 ), as well as at 10 −10 mol·L −1 , corresponding to the "valley", from 122% ± 3% (p < 0.05) to 104% ± 4%. Moreover, NPY stimulated phosphorylation of extracellular signal-regulated kinase (ERK)1/2 with a peak between 2 and 10 min for all 3 concentrations (Fig. 6B) . This NPY-induced ERK1/2 activation was blocked by PTX (Fig. 6C) . We did not observe any activation of other MAPKs-p38 or SAPK/JNK1, 2, 3-at any of the investigated NPY concentrations (data not shown).
Discussion
Previously, we (Zukowska-Grojec et al. 1993 ) and others (Nilsson and Edvinsson 2000; Shigeri and Fujimoto 1993) have shown that NPY stimulates VSMC proliferation by activating Y1 receptors at concentrations similar to those causing vasoconstriction, at or above the K d s of known NPY receptors (Dumont and Quirion 2006) . In doing so, NPY's vascular mitogenic activity resembled that of other vasoconstrictive peptides activating GPCRs, such as angiotensin II or endothelin (Schieffer et al. 1997 ). However, more recent studies in which NPY concentrations were extended below receptor K d s revealed that the peptide exerts a bimodal mitogenic action in VSMCs, with a high-affinity peak at 10 −12 mol·L −1 and a low-affinity peak at 10 −8 mol·L −1 , separated by a "valley" at 10 −10 mol·L −1 ) (although the maxima of these peaks vary between cells and passages). Understanding how NPY elicits these 2 growth response peaks -whether or not such bimodality involves differential activation of multiple signaling pathways-has not been previously addressed. In the present study, we have identified signaling molecules involved in NPY-induced VSMC proliferation for the first time, starting at ligand concentrations below the traditionally accepted K d s of NPY receptors.
Here, we showed that in VSMCs, PTX blocked NPY's mitogenic effect at all concentrations, indicating that G i/o proteins mediated the proliferative activity of NPY at both growth peaks. Similarly, NPY also inhibited forskolin-stimulated cAMP levels in these cells. cAMP, a secondary messenger commonly involved in GPCR signaling, activates PKA, which, depending on the cell type, either stimulates or inhibits cell growth (Liebmann 2001) . In VSMCs, PKA is known to inhibit proliferation by phosphorylation of Raf-1, interfering with MAPK signaling (Bornfeldt and Krebs 1999; Hafner et al. 1994) . Thus, by decreasing cAMP levels, NPY can block PKA growth-inhibitory activity and, as a result, augment VSMC proliferation.
Another secondary messenger linked to G i/o protein activation is intracellular calcium (Noda et al. 2004 ). Here, we have shown that NPY stimulated a dose-dependent rise in intracellular calcium levels starting at sub-picomolar concentrations and did not display a bimodal pattern. Such an elevation of calcium levels at picomolar concentrations of NPY has been also reported in both human VSMCs and endocardial endothelial cells (Jacques et al. 2003) . Our results also showed that the effect of NPY on [Ca] i was dependent on extracellular calcium, again similar to results reported in human VSMCs . Thus, the increased [Ca] i by NPY seems to be mainly due to stimulation of calcium influx through the R-type calcium channels (Bkaily et al. 1997 (Bkaily et al. , 2006 Jacques et al. 2000) . Previously, however, NPY-induced increases in calcium levels in VSMCs have been shown to be dependent on phospholipase C (PLC) (Shigeri et al. 1995) , which can contribute to both influx of extracellular calcium and IP 3 -induced release from sarcoplasmic reticulum (Putney 2002) . Thus, it is likely that mobilization of calcium from intracellular stores can also contribute to NPY-induced increases in calcium levels (Fig. 7) ; however, this would require further investigation.
Increases in intracellular calcium observed after NPY stimulation can result in activation of several calcium-dependent kinases, such as PKC. Indeed, our studies indicated that NPYinduced VSMC proliferation was blocked by selective PKC inhibitors at both high-and lowaffinity peaks. Thus, PKC activation appears to be necessary for NPY's proliferative actions in VSMCs, as shown for other GPCR ligands (Liebmann 2001) . Interestingly, however, the same mitogenic response was also completely abolished by inhibitors of another calciumactivated kinase, CaMKII.
CaMKII has been implicated in the proliferation of a variety of cells, including VSMCs (Ginnan et al. 2004; Xiao et al. 2005) . The proposed mechanisms of its growth-promoting actions include multiple signaling pathways. In myeloblastic leukemia cells, CaMKII activates cytoplasmic phospholipase A 2 (cPLA 2 ) and stimulates proliferation in a MAPKindependent manner (Muthalif et al. 2001 ). On the other hand, in VSMCs and thyroid cells, its actions seem to activate ERK1/2, either by direct interactions with Raf-1 or transactivation of the epidermal growth factor (EGF) receptor (Ginnan et al. 2004; Illario et al. 2003) . CaMKII has also been reported as an inhibitor of adenylyl cyclase 3, preventing its growth-inhibitory effect in arterial smooth muscle cells (Wong et al. 2001) . Our data suggest that in VSMCs, NPY-activated CaMKII signals through the ERK1/2 pathway, as NPY-induced growth peaks in VSMCs are completely blocked by inhibitors of MAPK kinase (i.e., MEK1/2) and NPY stimulates phosphorylation of ERK1/2 at all concentrations. Moreover, the NPY-mediated activation of MAPK is abolished by the G i/o protein inhibitor PTX. These results strongly indicate that even though NPY seems to activate multiple signaling pathways in VSMCs, all the pathways converge to the common ERK1/2 pathway. Surprisingly, both PKC and CaMKII inhibitors blocked the proliferative effect of NPY completely, which indicates that activation of both pathways is essential for this process to occur and suggests cross-talk between these pathways. Examples of such interactions have already been reported for other cells. In thyroid cells, fibronectin simultaneously activates 2 signaling pathways, Ras-Raf-MEK-ERK and CaMKII. However, ERK1/2 cannot be activated without stimulation of CaMKII, which forms a complex with Raf-1 and facilitates its binding to Ras (Illario et al. 2003; Illario et al. 2005) . Therefore, activation of both pathways is necessary for fibronectin-induced thyroid cell proliferation. Moreover, in neuronal cells, a direct cross-talk between PKC and CaMKII is necessary for N-methyl Daspartate (NMDA) receptor clustering and signaling (Gardoni et al. 2001; Wang and Kelly 1995) .
Similar activation of the calcium-dependent kinases PKC and CaMKII at the high-and lowaffinity growth peaks occurred in the presence of markedly different levels of [Ca 2+ ] i , which increased in a dose-dependent manner. This indicated that even low levels of calcium released by picomolar concentrations of NPY were sufficient to activate those kinases, suggesting the existence of an amplifying mechanism. Interestingly, NPY's calcium response was fully dependent on Y1 receptors, and Y5 receptors were not involved. This is similar to what was reported for Y5 receptor signaling in HEC-1B cells, where it was limited to a decrease in cAMP levels (Bischoff et al. 2001) . However, for the high-affinity mitogenic response, both Y1 and Y5 receptors were required. This may indicate that the Y5 receptor acts as an "amplifier" of Y1 receptor's proliferative signal by inhibition of adenylyl cyclase and the PKA pathway, particularly at low NPY concentrations when Y1 receptordependent increases in calcium levels are less pronounced. Such crosstalk between calciumdependent kinases and PKA pathway may explain the presence of the high-affinity peak exclusively in cells expressing multiple NPY receptors.
Based on the data presented here, we propose the following model for the NPY-signaling cascade leading to VSMC proliferation (Fig. 7) . At both growth peaks NPY acts through G i/o proteins, which trigger 2 events: PLC activation and inhibition of adenylyl cyclase. PLC activation is a major proliferative pathway mediated by Y1 receptors. It leads to the increase in intracellular calcium, mainly by extracellular calcium influx, but possibly also by mobilization of intracellular calcium stores. This activates PKC, which stimulates the RasRaf-MEK-MAPK cascade, and CaMKII, which facilitates this process by its direct interactions with Raf-1. Moreover, the possibility that CaMKII also acts via inhibition of adenylyl cyclase, as previously shown in VSMCs (Wong et al. 2001) , cannot be excluded. NPY-activated pathways converge to the MAPK signaling cascade, which directly leads to VSMC proliferation. On the other hand, a decrease in adenylyl cyclase activity and cAMP level inhibits PKA and, as a consequence, blocks its inhibitory effects on the Ras-Raf proteins. This pathway can be activated by both Y1 and Y5 receptors, but it is particularly important at low concentrations of NPY, where Y5 receptor-dependent PKA inhibition provides an additional amplification signal, compensating for a lower Y1 receptor-induced increase in calcium.
Taken together, our study shows that the bimodal NPY growth-promoting effect in VSMCs is mediated through 2 receptors, Y1 and Y5, which differ in their intracellular calcium response but not other signaling pathways studied so far. Since the presence of the highaffinity mitogenic peak is observed only in the cells expressing multiple types of NPY receptors (Kitlinska et al. 2005; Movafagh et al. 2006; Pons et al. 2003) , this phenomenon is most likely associated with interactions between the receptors and (or) their signaling pathways. This may be due to receptor heterodimerization, since increases in receptor affinity were shown in other systems (AbdAlla et al. 2001 ) and Y1 and Y5 receptors have been found to form heterodimers (Gehlert et al. 2007) . Alternatively, or in addition to the direct receptor interactions, multiple receptor induced amplification may be due to crosstalk between a calcium-dependent PKC-CaMKII-ERK1/2 pathway and a calcium-independent cAMP-PKA-ERK pathway, which can enhance the response to low NPY concentrations.
The high-affinity proliferative NPY actions may be relevant to conditions when levels of NPY are below those responsible for the low-affinity peak, that is, less than nanomolar concentrations, as shown by us in the rat model of carotid artery angioplasty . In this model, doubling of vascular NPY concentrations in the injured artery either by a placement of an NPY slow-release pellet or by cold stress dramatically augmented neointima formation and led to the development of an occlusive lesion; both completely blocked by a Y1-receptor antagonist and partially inhibited by a Y5-receptor antagonist (Li et al. 2005) . Thus, elucidating the intracellular signaling pathways and receptor interactions involved in this process may therefore lead to developing new therapeutic strategies for treatment of cardiovascular diseases, such as restenosis, atherosclerosis, and hypertension. NPY-induced bimodal VSMC proliferation. Rat aortic VSMCs were serum-starved and treated with NPY for 24 h. NPY stimulated proliferation, measured as [ 3 H]thymidine uptake, in a bimodal fashion with 2 growth peaks at 10 −12 and 10 −8 mol·L −1 . Significant at *, p < 0.05 compared with control by one-way RM ANOVA followed by Dunnett's t test, n = 3 separate experiments. NPY, neuropeptide Y; VSMC, vascular smooth muscle cell. Effect of the Y1-receptor antagonist BIBP3226 (A) and the Y5-receptor antagonist CGP71683 (B) on calcium response induced by 10 −12 mol·L −1 , 10 −10 mol·L −1 , and 10 −8 mol·L −1 NPY. (A) Pretreatment with BIBP3226 (10 −6 mol·L −1 ) prevents the NPY-induced calcium rise at the 3 concentrations used (black bars). (B) In the presence of CGP71683 (10 −6 mol·L −1 ), NPY, at the 3 different concentrations, induces a significant increase in intracellular free Ca 2+ (black bars). In both graphs, white bars represent the Ca 2+ increase in the presence of NPY alone. The data are means ± SE, and n is the number of different cell culture experiments. Significant at *, p < 0.05, **, p < 0.01, and ***, p < 0.001 vs. respective control. #, p < 0.05, ##, p < 0.01, and ###, p < 0.001 vs. respective NPY response. The proliferative effect of NPY in VSMCs is PKC-and CaMKII-dependent. Two different PKC inhibitors, GF109203X and chelerythrine chloride (10 −7 mol·L −1 , pretreatment for 10 min), as well as a specific CaMKII inhibitor, KN-93 (0.5 × 10 −6 mol·L −1 , pretreatment for 60 min), abolished NPY-induced [ 3 H]thymidine uptake at both growth peaks. Significant at *, p< 0.05 compared with 0.25% FBS SmBM alone (control) by two-way ANOVA followed by Tukey's test. #, p < 0.05 compared with the samples treated with NPY only at the same concentration. n = 3 separate experiments. Putative model for the intracellular signaling pathways involved in NPY-induced VSMC proliferation. NPY stimulates VSMC proliferation at concentrations ranging from 10 −14 to 10 −7 mol·L −1 , in a characteristic bimodal fashion with 2 growth peaks -high-affinity (below known NPY receptor K d s) and low-affinity (10 −9 -10 −7 mol·L −1 ). At all concentrations, NPY activates G i/o proteins, which stimulate 2 major signaling pathways: Y1 receptor-mediated PLC activation and Y1 and Y5 receptor-mediated inhibition of adenylyl cyclase. PLC activation leads to the increase in intracellular calcium, mainly by extracellular calcium influx, but possibly also by its mobilization from intracellular stores. Increase in calcium activates PKC, which stimulates the Ras-Raf-MEK-ERK1/2 cascade, and CaMKII, which facilitates this by direct interactions with Raf-1. Decrease in adenylyl cyclase activity and cAMP level inhibits PKA and, as a consequence, blocks its inhibitory effects on the Ras and Raf proteins. This pathway is particularly important at low concentrations of NPY, where Y5-dependent PKA inhibition provides additional amplification of Y1 receptor-mediated mitogenic signal.
